Abstract Due to negative environmental effects of nitrogen discharge to recipients and increasingly stringent effluent standards, effective nitrogen removal is necessity. Biological methods are the simplest and cheapest way to treat wastewater; however, it may become an extremely expensive option when high influent nitrogen concentrations are measured and there is a lack of biodegradable organic carbon. Therefore, there is a great need to find new solutions and improve existing technologies. The deammonification is an excellent example of such a new process that requires considerably low amounts of organic carbon and oxygen in comparison to conventional nitrification/denitrification. The main objective of presented research was to investigate an Anammox process accompanied with autotrophic nitrification and heterotrophic denitrification in one rotating biological contactor (RBC). During the research period, it was possible to carry out the Anammox process in low temperature below 20 8C. Additionally, it was found that the process is insensitive to high nitrite concentration in the reactor, up to 100 g NO 2 -N m
Introduction
One of the major aspects associated with landfilling of solid wastes is related to the discharge of leachate into the environment. Nowadays, discharge quality standards are more stringent and there is a need to treat leachate in a more efficient manner. Leachates with high ammonium nitrogen content are generally difficult to treat effectively by conventional biological treatment processes. Therefore, there is a great need to find new solutions and improve existing technologies. Deammonification is an excellent example of such a new process that requires considerably smaller amounts of organic carbon and oxygen in comparison to conventional nitrification/denitrification. Deammonification is a two-step process in which two groups of microorganisms are involved. In the first step there is the aerobic conversion of ammonium nitrogen to nitrite by Nitrosomonas-like bacteria and subsequently in the second step there is the anoxic conversion of nitrite and ammonium to nitrogen gas by a group of Planctomycetales bacteria (Rosenwinkel and Cornelius, 2005) .
Agricultural and landfill leachate is produced in small quantities and is usually treated in small-scale wastewater works. Compared to large wastewater treatment plants, the design of small plants requires taking into account some additional boundary conditions, such as extreme flow fluctuations, lack of skilled plant operators, low construction and operation costs (Boller, 1997) . The rotating biological contactor (RBC) is a good example of technology for treatment of such wastewaters, because of its excellent shock and toxic loading capabilities, simple process control and low energy requirements (Saikaly and Ayoub, 2003) . Egli (2003) analysed the composition and spatial structure of the microbial community in a biofilm on an RBC. It was proven that aerobic and anaerobic ammonium oxidisers can co-exist as a result of oxygen and oxygen-free zones within the biofilm depth.
The main objective of the presented research was to investigate an Anammox process accompanied with autotrophic nitrification and heterotrophic denitrification in one RBC. For this purpose, the RBC fed with landfill leachate from the municipal landfill in Gliwice (Poland) has been used.
Methods
A lab-scale RBC with partially immersed discs (41%) was used. The RBC consisted of three equally sized stages. Each one contained four discs. The total surface area was equal to 2.61 m 2 for 12 discs. The scheme of the lab-scale RBC is shown in Figure 1 and the design characteristics of the RBC are listed in Table 1 .
The contactor was supplied with municipal landfill leachate and artificial NaNO 2 and NH 4 Cl solutions to reach high nitrogen concentration and appropriate excess of nitrite over ammonium oscillating around the NO 2 :NH 4 ratio 1.3:1 for Anammox process. The glucose, as an external carbon source, was added in the third part of the contactor. During the research the samples were collected twice a week. They were taken from influent, effluent and each stage of the contactor. Samples were analysed for inorganic nitrogen forms and COD. Moreover, the process was monitored by measurements of the following parameters: flow rate, pH, temperature and dissolved oxygen in the bulk liquid. Any specific heating was not applied. Fluorescence in situ hybridisation (FISH) was used in order to determine nitrifiers and Anammox bacteria. A scanning confocal microscope was used to examine the microbial community. In situ hybridisation was performed as described previously by Daims et al. (2005) . The sequences and targeted sites are listed in Table 2 .
Moreover, denitrifying bacteria strains have been identified by using commercial identification kits API 20NE (standardised system for non-enteric bacteria strains) and API 20E (standardised system for enteric bacteria strains).
Results and discussion
The RBC was run for 6 months at 17^2.4 8C, which is much lower than the optimum temperature of 37 8C reported for the Anammox process (Schmidt et al., 2003) . It was demonstrated previously by Szatkowska and Płaza (2006) that the impact of temperature on Anammox or partial nitritation/Anammox processes is significant in the case of a sudden decrease in temperature. On the other hand, the operational temperature was close to 15 8C, reported as optimal for the Anammox bacteria in the sediments (Dalsgaard and Thamdrup, 2002) . Additionally, Egli (2003) , working with the RBC reactor, demonstrated that at the temperature equal to 11 8C the Anammox activity was 24% of that at 37 8C. Nitrogen loading rates applied to the first stage of the RBC were gradually increased from 3 to 6 g N m 22 d
21 . An average nitrite-to-ammonium ratio in the influent amounted to 1.29:1 and it ensured the Anammox reaction. The Anammox process started to dominate in the first stage of the contactor and 58^17% on average of inorganic nitrogen has been removed in this way (Figure 2b ), which corresponded to 88 and 95% of ammonium and nitrite nitrogen removal, respectively. Low COD removal to inorganic nitrogen elimination (ratio of COD eli /N eli,inorg. was 0.8 on average), most probably suggested that the Anammox process was responsible for the nitrogen removal rather than the heterotrophic denitrification. This could also be confirmed by both the Anammox bacteria substrates at the optimal ratio and high efficiency of biomass retention (biofilm system). The inorganic nitrogen concentrations in the inflow, first stage and effluent of the contactor are shown in Figure 2a .
The maximum ammonium and nitrite surface removal rates were 3.0 and 3. . It resulted in high nitrate production estimated at approximately 50% of the removed inorganic nitrogen. According to Anammox stoichiometry, the nitrate production should amount to up to 11% of the reduced nitrogen. The enhanced nitrate production was caused by the presence of nitrite oxidisers in the biofilm and favourable conditions in the outer layer of biofilm for their growth (presence of nitrite and oxygen).
In Figure 3 (a), the relationship between ammonium removal rate and ammonia surface loading rate is shown, whereas in Figure 3 (b) the relationship between nitrite removal rate and nitrite loading rate is depicted. The average ratio of nitrite to ammonium removal rates was equal to 1.4 and varied from 0.7 to 2.5. Substantial fluctuations of the ratio can be explained by the competition between nitrifiers and Anammox bacteria. Additionally, the nitrite-to-ammonium ratio was also changeable in the influent and varied from 0.7 to 2.3. However it seems that this variation had low influence on the inorganic nitrogen removal efficiency (Figure 3(c) ). Both external and internal mass transfer are important in the determination of the overall RBC performance. However, reliable information, such as effective diffusivity of a substrate in the biofilm or mass transfer coefficient, is not always available. Therefore, simplified analyses by empirical formulae are useful for explaining some performance cases. It was found that a relationship similar to Monod's equation could be applied for bulk liquid substrate concentration and overall reaction rate (Iwai and Kitao, 1994) . In the present study, the relationship between the reaction rate for inorganic nitrogen removal (as well as for ammonium and nitrite removal rates) and bulk liquid nitrogen concentration was not found. On the other hand, it was found that ammonium and nitrite nitrogen removal rates can be described as a function of the RBC surface loading (Figure 3(a) and (b) ). Additionally, the analysis of data indicated that the StoverKincannon model adequately described the process of ammonium and nitrite removal. The Stover-Kincannon model for RBC, assumed that the suspended biomass is negligible in comparison to the attached biomass and expression for the substrate removal rate is as follows (Wilson, 1993; Ahn and Forster, 2000) :
Equation (1) can be linearised as:
where r A is the substrate utilisation rate (g m If r A is taken as A/(Q(S i -S e )) (where S e is the effluent substrate concentration g m 23 ), which is the inverse of the load removal rate, and this is plotted against the inverse of the total loading rate (A/(Q S i )), K B /U max is the slope and 1/U max is the intercept point of the straight line. The Stover-Kincannon plots for the ammonium nitrogen in Figure 4 rates and inorganic nitrogen load in the Stover-Kincannon model is caused by the coexistence of three processes taking part in the nitrogen removal in the first stage of the examined RBC -deammonification (mainly Anammox process), nitritation and nitratation. The ammonium removal efficiency was dependent on deamonification and nitritation but nitrites removal depended on deamonification and nitration. Although the ammonium removal by deamonification and nitritation, as well as the nitrites removal by deamonification and nitration, could be described separately by the Stover-Kincannon model, the inorganic nitrogen removal combining these three processes did not fit to Stover-Kincannon model. Probably differences in the amount of biomass of ammonia oxidisers and nitrite oxidisers are responsible for these phenomena. Nitrite oxidisers in the described case grew faster and their amount should have been higher than ammonia oxidisers due to low substrate availability for the latter bacterial group. This is because of extra nitrite production from ammonia. Therefore, nitrite oxidisers had access not only to nitrites leaving after the Anammox process, but they also could consume nitrites produced from ammonia not used in the Anammox process. As a result, comparable loads of ammonia and nitrites took effect on different removal rates and the lack of relationship for whole inorganic nitrogen removal. Based on the publication by Ramakant et al. (2002) , several other empirical models were tested, however no relationships were found. The obtained maximum removal rates for ammonium and nitrite nitrogen in the first stage of the contactor were much lower than the values obtained from the StoverKincannon model. It indicated that there is a possibility of higher reactions rate for ammonium and nitrite, especially as both were almost completely removed in the first stage of the RBC, and there was no reaction in the second stage of the contactor.
FISH proved the presence of the Anammox bacteria belonging to Candidatus brocadia anammoxidans and/or Candidatus kuenenia stuttgatiensis in the first two stages of the contactor ( Figure 5 ). Due to the partial disc submergence, the Anammox process was assisted with nitrification which resulted in nitrate production. Additionally, using FISH tests, aerobic ammonia and nitrite oxidising bacteria: Nitrosomonas oligotropha and Nitrosomonas eutropha and/or europea were identified as responsible for the first step of nitrification. Nitrobacter and Nitrospira were recognized as oxidisers of nitrite to nitrate. Due to this fact, glucose was introduced as an external carbon source in the third part of the contactor. The average nitrate removal efficiency was equal to 34% and the achieved maximum removal rate was 1.2 g NO 3 -N m 22 d 21 . Moreover, the following denitrifying bacteria strains have been identified in the third stage of the reactor: Aeromonas hydrophila, Aeromonas salmonicida (dominating strains -they are know as an incomplete denitrifying bacteria, reducing only nitrates to nitrites (Drysdale et al., 1999) Figure 5 Identified bacteria strains in the RBC G. Cema et al.
